ABSTRACT The multifunctional protein that initiates de novo pyrimidine biosynthesis in mammalian cells carries carbamoylphosphate synthetase, aspartate transcarbamylase (aspartate carbamoyltransferase), and dihydro-orotase activities on a single 215,000-dalton polypeptide chain. Kinetic studies ofthe controlled proteolysis ofthe molecule by elastase showed that the protein was not attacked at random by the protease but rather was successively cleaved into at least six well-defined proteolytic fragments. The initial cleavage converted the intact molecule into a 190,000-dalton species which appeared to retain all ofthe catalytic and regulatory functions of the native protein. This species was subsequently cleaved into two fragments, 150,000 and 40,000 daltons. The 40,000-dalton species, which carried the aspartate transcarbamylase activity, was resistant to further proteolysis; the 150,000-dalton polypeptide, which carried carbamoyl-phosphate synthetase and dihydro-orotase activities, underwent further digestion to 140,000 daltons. Continued proteolysis produced two species, 79,000 and 45,000 daltons; like the 40,000-dalton species, these were stable against further elastase digestion. The aspartate transcarbamylase and dihydro-orotase activities and the regulatory functions were preserved throughout the course ofdigestion; the carbamoylphosphate synthetase activity was more labile. By using sucrose gradient centrifugation and ion exchange chromatography, the 40,000-and 45,000-dalton species have been isolated. The 40,000-dalton fragment was found to have only aspartate transcarbamylase activity; the 45,000-dalton fragment has only dihydro-orotase activity. These experiments showed that this multifunctional protein is organized as discrete structural domains in which regions of the polypeptide chain are autonomously folded into separate functional units.
The first three steps in de novo pyrimidine biosynthesis in mammalian cells are catalyzed by a multifunctional protein that has carbamoyl-phosphate synthetase [CPSase; carbon-dioxide:Lglutamine amido-ligase (ADP-forming, carbamate-phosphorylating), EC 6.3.5.5], aspartate transcarbamylase (ATCase; carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2), and dihydro-orotase (DHOase; L-5,6-dihydro-orotate amidohydrolase, EC 3.5.2.3) activities (1) (2) (3) (4) (5) (6) (7) . CPSase is subject to allosteric inhibition by UTP and activation by phosphoribosyl-5'-pyrophosphate (PPRibP) (8) (9) (10) (11) (12) (13) . Recent studies (14, 15) have focused on the functional consequences of the physical association of these enzymes in a complex. The protein, designated CAD, has been purified to homogeneity from an overproducing mutant line of Syrian hamster cells selected for resistance to the inhibitor N-(phosphonoacetyl)-L-aspartate (PALA) (16) . CAD was found to consist of a single type of polypeptide chain (molecular weight, 215,000) which associates to form trimers, hexamers, and higher oligomeric forms (6) . Stark and his colleagues (17) have also shown that the protein is encoded by a 7.8-kilobase mRNA molecule produced in large amounts as the result of extensive gene duplication (18) .
Multifunctional proteins are believed to be organized into structural domains in which contiguous regions of the polypeptide are folded into separate globular units having specific functions. The domains are connected by short polypeptide chain segments which are unusually susceptible to proteolysis (19) . Because CAD catalyzes three reactions and is under allosteric control, there may be six or more of these domains.
CAD is sensitive to proteases (5, 7) and has been cleaved into enzymatically active fragments by elastase (5, 20, 21) and trypsin (22, 23) . We have begun a study ofthe postulated domain structure by subjecting the molecule to controlled proteolysis by elastase. By studying the digestion kinetics, we found that the protein is successively cleaved in a specific fashion. Two proteolytic fragments, corresponding to the ATCase and DHOase domains of the parent molecule have been isolated and found to retain full biological activity. METHODS CAD was isolated from a mutant simian virus 40-transformed Syrian hamster cell line (165-23) generously provided by George. Stark (Stanford University). The cells grown as described (16) in 75-cm2 T flasks were removed from the growing surface by 5-min incubation in 0.5 mM EDTA in phosphatebuffered saline at 370C. The protein was purified by the procedure of Coleman et at (7) . The enzymatic activities of the protein and its fragments were assayed as described (14, 24) . NaDodSO4 gel electrophoresis was carried out on 1.5-mm gradient slabs (7.5-15% polyacrylamide) using the Laemmli buffer system (25) . The wet gels, stained with Coomassie blue, were scanned with a Zeineh soft laser scanner. The gain was set to full scale on the darkest band on the gel and all lanes were scanned at these settings. Gels containing known amounts of CAD were scanned and used to construct standard curves which were linear to 10 ,g. Sucrose gradient centrifugation was carried out in a Beckman L5-65 ultracentrifuge with a SW 50.1 rotor. Sucrose was determined by measuring the refractive index and the s20 ,u was calculated (26) .
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RESULTS
Kinetics of Elastase Proteolysis of CAD. CAD was treated with elastase at 370C at a protein-to-protease ratio (wt/wt) of 178. At the times indicated (Fig. 1) , samples of the reaction mixture were analyzed by gel electrophoresis. The amount of protein in each band was determined by scanning the stained gels. The purified protein consisted almost exclusively of a single 215-kilodalton (kDal) polypeptide. As the digestion proceeded, this species rapidly disappeared and a 190-kDal fragment simultaneously appeared. The the same as that produced by endogenous proteases during isolation (7) and by trypsin treatment (22) . The 190-kDal species was cleaved after a lag time of 5 min into two fragments, 150 and 40 kDal. In addition to these major species, numerous other fragments were visible on the gel, representing no more than 5-6% of the total protein in the digest.
A longer digestion using approximately twice the concentration ofelastase is shown in Fig. 2 Effect of Elastase Digestion on Functional Properties of CAD. The effect of limited proteolysis on the activities of the complex was studied under the same conditions as used in the long-term digestion described above. The intrinsic stability of each catalytic and regulatory function under these conditions was determined in control experiments in which CAD was incubated without elastase. In the case of CPSase, both the natural substrate, glutamine, and ammonia can serve as the source of the amino group of carbamoyl phosphate. Assays were conducted using both nitrogen donors in an attempt to differentiate between regions of the molecule that bind glutamine and those that catalyze the actual formation of carbamoyl phosphate. In the absence of elastase, both activities decayed exponentially but at different rates. The half-time for loss of CPSase activity was 84 min when glutamine was used and 154 min with 100 mM ammonium chloride. Thus the transfer ofthe amino group from glutamine is a more labile process than the actual formation of carbamoyl phosphate.
In the presence of elastase, both glutamine-dependent and ammonia-dependent CPSase activities rapidly declined. The loss of CPSase activity during proteolysis was biphasic, falling rapidly during the first 5 min and then decreasing more slowly throughout the duration ofthe experiment (Fig. 3) . The biphasic nature of these curves was especially apparent when glutamine was used as the substrate. The data given in Fig. 3 When the digest was fractionated by sucrose gradient centrifugation (Fig. 4) , the DHOase activity was found in a single peak corresponding to a species with s20, . = 4.0 S. The gradient fractions having DHOase activity were analyzed on NaDodSO4 gels (Fig. 4B ) and found to contain only the 45-kDal species. Because there was no ATCase or CPSase activity associated with the purified 45-kDal fragment, we concluded that this species corresponds to the dihydro-orotate domain of the parent molecule. The specific DHOase activity of the isolated domain was 5.2 ,umol/min per mg compared to 2 Amol/min per mg for intact CAD. The sedimentation coefficient is consistent with that of a globular protein of molecular weight 50,000, so it is likely that the DHOase domain is monomeric under these conditions. The ATCase activity was associated with the insoluble pellet formed in long-term digestions. However, the time course of elastase digestion indicated that the 40-kDal fragment was produced by the cleavage ofthe 190-kDal species and was therefore one of the first fragments released in the digestion ofthe native molecule. To isolate this species, CAD was digested at a protein-to-protease ratio (wt/wt) of 100 for 15 min at 37TC. The digest was then fractionated on a DEAE-Sephadex column (Fig.  5) . The ATCase activity coincided with the elution of the 40-kDal species at 0.13 M NaCl (Fig. 5B) . Some of the 40-kDal species and most of the larger fragments were retained on the column until much higher salt concentrations.
The pooled fractions of the 40-kDal species did not contain significant amounts of any other proteolytic fragments or detectable DHOase or CPSase activity. The purified fragment had a specific ATCase activity of 38.6 ,umoVmin per mg compared to 12.5 ,imol/min per mg for CAD. These results suggested that the 40-kDal species corresponded to the ATCase, or the carbamoyl aspartate, domain of the intact molecule. Sucrose-gradient centrifugation of the 40-kDal species gave s2w ,, = 9.4 S, indicating that the isolated domain is oligomeric under these conditions. More extensive self-aggregation due to exposed hydrophobic regions is also indicated by the fact that the fragment precipitated after further proteolysis. 
DISCUSSION
It has been-recognized since the studies by Hoogenraad et al (2) and Shoafand Jones (1) that the enzymes catalyzing the initial steps of de novo pyrimidine biosynthesis in mammalian cells exist as a multienzyme complex. In all higher organisms thus far investigated, the first three enzymes of the pathway have been found to copurify (1) (2) (3) (4) (5) (6) (7) (27) (28) (29) (30) (31) . Because of the low intracellular concentration and extreme sensitivity to endogenous proteases, the multifunctional nature of the complex was not appreciated until Coleman et al (7) 5 . Identification of the carbamoyl aspartate domain. CAD (0.58 mg/ml) was digested for 15 min at 37TC at a protein-to-elastase ratio (wt/wt) of 100. The buffer was the same as that described in Fig.  1 . Phenylmethylsulfonyl fluoride was added to 5 mM and the reaction mixture was dialyzed for 1 hr against 0.05 M Tris-HCI, pH 8.7/5% glycerol. A sample containing 600 pg of protein was applied to DEAESephadex A-50 column (3 cm3) and eluted first with 5 ml of dialysis buffer and then with a 30-ml linear gradient of NaCl (0-0.5 M) prepared in the same buffer. The column fractions were assayed for ATCase (A) and subjected to gel electrophoresis (B).
these low molecular weight species would be expected to be small and we have not systematically searched for them in the digest.
Each globular domain of a multifunctional protein is postulated to have a single, specific function. Because CAD has both catalytic and regulatory functions, we must assume its structure to be quite The CPSase activity of the digest can be correlated with the amount ofeach species present (Fig. 2) (20) , concluded that the complex consists of four or five polypeptides of similar size that carry different catalytic activities. However, reexamination of their data suggests that many oftheir observations can be explained by the proteolytic scheme described above. Other compelling evidence (7, (16) (17) (18) 22) indicates that CAD is a true multifunctional. protein in which all functions are carried on a single polypeptide chain. Moreover, the digestion kinetics de- scribed here and the isolation of homogeneous proteolytic fragments carrying specific catalytic functions strongly support the view that the contiguous regions of the polypeptide chain are folded into discrete structural domains.
